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Introduction
ASCVD is a leading cause of morbidity and mortality worldwide. It is strongly linked to elevated LDLc. The adult treatment panel guidelines of the National Cholesterol Eradication Programme (NCEP 2001) established the lowering of LDLc as the mainstay of treatment of ASCVD. 1 The ideal principles "treat to target" and "lower the better and physiologically normal" have been advocated. An LDLc level of 50-70 mg/dL is considered ideal and optimal. 2 Statins remain the most effective and validated therapy to lower LDLc (PROVE IT TIMI-22 trial). 3 CTT Collaboration confirmed the efficacy and safety of intensive statin therapy in controlling LDLc in a meta-analysis of 170,000 participants in 26 randomized trials. 4 The cholesterol treatment guidelines of the ACC and AHA 5 in collaboration with the National Heart, Lung and Blood Institute have stressed the efficacy of statins in treating the following patients: 1) individuals with an established ASCVD, 2) individuals with primary LDLc ≥190 mg/dL, 3) diabetics aged 40-75 years with LDL ≥70 mg/dL and 4) other individuals with a high estimated lifetime CV disease risk of ≥7.5%. The 2013 ACC/AHA guidelines on cholesterol treatment have not recommended any specific LDL target. Current guidelines in Europe and Canada advocate an LDLc target (<70 mg/ dL) or a 50% reduction in LDLc. 6, 7 There is however a great variation in the response to intensive statin therapy, 8 and additional therapy may be required to meet LDLc targets. IMPROVE-IT 9 has recently concluded that addition of ezetimibe to statin therapy produces further reduction of LDLc with better CV results. However, under the circumstances of insufficient response to statin or statin intolerance, an alternative lipid-lowering drug may be required. PCSK9 inhibitors are recent additions to statins (and ezetimibe) as potent lipid-lowering drugs for the treatment of elevated LDLc and ASCVD. [10] [11] [12] [13] 
Objectives
The aim of this paper was to describe the mechanism of action of monoclonal antibodies, which are powerful PCSK9 inhibitors, and their effects on the lipids studied in various clinical research trials. Studies on their safety and adverse effects were searched. Long-term trial effects, cost-effectiveness, present indications, future perspectives and CVOTs on PCSK9 inhibitors have been outlined.
Methods
Recent literature on PCSK9 inhibitors was searched. The PubMed and Embase databases and recent conferences held in 2014, 2015 and 2016 were searched. Various RCTs and three available meta-analysis studies were evaluated. The efficacy data included the effects on lipids and clinical outcomes as well as adverse effects.
Results
Mechanism of action of PCSK9 inhibitors
PCSK9 was discovered in 2001, and its gene was characterized in 2003. 14, 15 PCSK9 is initially secreted as an inactive enzyme precursor which undergoes intramolecular autocatalytic cleavage in the endoplasmic reticulum for activation. The matured PCSK9 moves out of the endoplasmic reticulum of the hepatic cells to be further handled by the Golgi apparatus of hepatic cells before entering the circulation.
The preferential pathway through which LDLc is normally cleared from the blood is its binding with LDL(R)s on the surface of liver cells. LDL(R) is a mosaic protein of 839 amino acids which mediates endocytosis of LDLc into the liver cells. The bound LDLc/LDL(R) complex is internalized into the liver cells where LDLc is further metabolized, while the LDL(R) recirculates back to the surface of liver cells for further interaction with LDLc. This process continues for several cycles (up to 150 cycles).
PCSK9 is an inhibitor of LDL(R). PCSK9 binds with LDL(R) on the surface of the liver cells and escorts it to the lysosomal system of liver cells for the destruction of LDL(R), which thus cannot return back to the surface of liver cells. The net result is a decrease in the population of LDL(R). Hence, less number of LDL(R)s are available at the liver cell surface to mop up LDLc for further metabolism.
PCSK9 and LDL(R) are secreted by hepatocytes. Their intracellular itenares appear similar, but their pathways 
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PCSK9 inhibitors diverge at the surface of liver cells. PCSK9 is secreted into the plasma, while LDL(R) remains at the surface of liver cells. Circulating PCSK9 binds with LDL(R) on the liver cell surface and interferes with the recycling back of LDL(R) after internalization with LDL and directs LDL(R) to the lysosomes for its destruction. PCSK9 and LDL(R) are coordinately regulated by SREBP2. PCSK9 thus regulates the expression and degradation of LDL(R).
PCSK9 inhibitors inhibit the binding of PCSK9 with LDL(R) and prevent degradation of LDL(R) which is available to bind LDLc for its further metabolism. It was observed that a rare "gain in function" by gene mutation of PCSK9 led to severe elevation of LDLc and premature ASCVD.
14 On the reverse, a rare "loss of function" of PCSK9 was associated with significantly lower LDLc. 16 These mutation researches favored active research to the development of PCSK9 inhibitors as therapeutic measure to lower LDLc. Elevated plasma levels of PCSK9 have been reported in FH and also in some patients with non-FH and during statin therapy. Inhibition of PCSK9 is therapeutically beneficial in lowering LDLc, since elevated plasma PCSK9 is equally detrimental in patients with FH and non-FH irrespective of defect in LDL(R).
17
PCSK9 circulates in plasma as mature and furin-cleaved forms. Total plasma PCSK9 is measured by ELISA incorporating a polyclonal antibody against human PCSK9.
18 Normal mean plasma level of total PCSK9 is 99.3±31 ng/mL. LDL apheresis in FH removes mature as well as furin-cleaved forms of PCSK9. About 40% of intact PCSK9 is found in association with LDL. Most of the furin-cleaved forms are in the Apo-B-free fraction. About 25% of PCSK9 is associated with Lp (a) in plasma.
Lp (a) is a highly atherogenic LDL(c)-like particle characterized by the presence of Apo-A which is covalently bound to Apo-B. Analysis of Lp (a) fraction by ultracentrifugation, immunoprecipitation and ELISA quantification has shown a strong physical association between Lp (a) and PCSK9 in plasma. 19 Lp (a) levels are genetically determined. The desirable plasma Lp (a) level is <14 mg/dL (<3.5 mmol/L). Lp (a) levels >50 mg/dL are associated with atherosclerosis and are refractory to lifestyle interventions. Current therapeutic options to reduce Lp (a) are limited to Niacin and PCSK9 inhibitors. However, the mechanism of interaction between Lp (a) and PCSK9 is not clearly known. 
Monoclonal antibodies and development of PCSK9 inhibitors
Statins vs monoclonal antibodies
Statins have been the mainstay of treatment of elevated LDC. They lower LDLc by inhibiting the enzyme HMG-CoA reductase which has a vital role in the synthesis of cholesterol in the liver. In addition, statins enhance the expression of LDL(R) (as well as of PCSK9). Statin typically reduces LDLc by 30-40% (depending upon the dose of statin), but absolute value of LDLc rarely falls <60 mg/dL. and RUTHERFORD. 24 Each trial was of 12 weeks. Details of patient selection and the results are summarized in Table 2 . There was reduction of LDLc by 41-66%. In HoFH, the LDL reduction was related to the presence/absence of LDL(R). There was no response in LDL(R)-negative patients and partial response in LDL(R)-defective patients. There was good response to Evolocumab in statin-intolerant patients (GAUSS trial).
Alirocumab has been investigated in ROTH study, 25 Stein study 26 and McKenney study. 27 LDLc reduced by 31-72% in various studies. Both Alirocumab and Evolocumab also significantly reduced Apo-B, total cholesterol, triglyceride and non-HDLc. There were no clear drug-related toxicity reactions during 12-week study period.
Bococizumab is a humanized monoclonal antibody which binds with PCSK9 and reduces LDLc in patients with hypercholesterolemia. Ballantyne et al 28 published results of Bococizumab in a Phase 2 trial of 24 weeks. It was a multicenter, double-blind, placebo-controlled, dose-ranging study in 354 patients on stable statin therapy with LDLc ≥80 mg/dL. The patients were randomized to 14-or 28-day treatment regime. In the 14-day regime, the patients were administered 31 have been long-term trials lasting 52 weeks. The characteristics of patients and trials are depicted in Table 3 . There was a consistent reduction in LDLc by over 50% in most trials. The adverse reactions included injection-site reactions, mild neurocognitive impairment of memory and anemia.
Alirocumab has undergone Phase 3 trials such as ODYS-SEY LONG TERM, 36 ODYSSEY COMBO II, 37 ODYSSEY FH, 38 ODYSSEY ALTERNATE 39 and ODYSSEY MONO, 40 each lasting 12-24 weeks. The details of the trials are shown in Table 4 . Phase 3 trials with Bococizumab consist of SPIRE which is an extensive research program carried out to study Bococizumab under various conditions. The trials include SPIRE-SI, SPIRE-AI (Auto Injector), SPIRE-HR, SPIRE-FH, SPIRE-LDL, SPIRE-1 and SPIRE-2. 
Long-term trials with Alirocumab and evolocumab
Two recent studies presented at ACC-15, ODYSSEY LONG TERM (for Alirocumab) and OSLER-1 and OSLER-2 trials (for Evolocumab), have evaluated the benefits of PCSK9 inhibitors with a longer follow-up duration of ≥52 weeks (Table 5) . 24 , the difference between Alirocumab and placebo groups in the mean percent change from baseline was 62% points (P<0.001), and reduction in LDLc persisted throughout 78 weeks of follow-up .There was also a significant reduction in the levels of non-HDLc, Apo-B, total cholesterol, Lp (a) and fasting triglyceride with a mild increase in HDLc and Apo-A. The clinical event outcomes (reduction in death from CV causes, nonfatal myocardial infarction and unstable angina) were compared between the two groups in a post hoc analysis which showed ~50% reduction of adverse clinical outcomes with Alirocumab vs placebo (1.7% vs 3.3%, hazard ratio 0.52, 95% CI 0.31-0.90, P=0.02). The Alirocumab group as compared with placebo group had a higher rate of injection-site reaction (5.9% vs 4.2%), myalgia (5.4% vs 2.9%), neurocognitive events such as amnesia, memory impairment and confusion (1.2% vs 0.5%) and ophthalmic events (2.9% vs 1.9%). The authors concluded that Alirocumab when added to statin therapy at the maximum tolerated dose significantly reduced LDLc and the rate of CV events was also reduced.
OSLeR-1 and OSLeR-2
This study 41 enrolled 4,465 patients which included 2,976 patients as Evolocumab group and 1,489 patients as placebo/standard therapy group. The patients were followed for ~11 months with periodic assessment of lipid levels, safety and adjusted CV events. Mean LDLc at baseline in Evolocumab and standard therapy groups was 120 (97-149) and 121 (97-151) mg/dL, respectively. After 11.1 months, Evolocumab reduced LDLc from a mean of 120 to 48 mg/dL (P<0.001), while there was no significant change in LDLc in standard therapy group (121-120 mg/dL). Thus, the reduction in LDLc by Evolocumab was by 61% (95% CI 59-63, P<0.01). In addition, there was reduction in non-HDLc (-52%), Apo-B (-47.3%), total cholesterol (-36.1%), triglyceride (-12.6%) and mild increase in HDLc (+7%). The rate of CV events (death, myocardial infarction, unstable angina and stroke) at 1 year was reduced from 2.18% in the standard group to 0.95% in Evolocumab group (hazard ratio in Evolocumab group 0.47, 95% CI 0.28-0.78, P=0.003). Most adverse reactions occurred with almost similar frequency in the two groups. The adverse reactions in Evolocumab vs standard group, respectively, were as follows: serious adverse reactions, 222 (7.5%) vs 111 (7.5%); muscle related, 190 (6.4%) vs 90 (6.0%); injection-site reaction, 129 (4.3%) vs nil; and neurocognitive events, 27 (0.9%) vs 4 (0.3%). The authors concluded that during 1 year of therapy, Evolocumab significantly reduced LDLc and also the incidence of CV events.
Meta-analysis study Meta-analysis study of Zhang et al
Twenty-five RCTs encompassing 12,200 patients were included in the study 42 to determine the safety and efficacy of anti-PCSK9 antibodies (Alirocumab and Evolocumab). The primary efficacy end points were the percent and absolute reductions in LDLc and other lipid profile changes at 52 weeks of follow-up. The safety outcomes were the rates of adverse events ( Table 6 ).
The percent LDLc reduction following Evolocumab treatment was 54.6% (95% CI -58.7 to 50.5%) and absolute mean reduction was -78.9 mg/dL (95% CI -88.9 to -68.9 mg/dL) vs placebo and -36.3% (95% CI 38.86-33.9%) vs ezetimibe. HDLc increased by 7.6% (95% CI 5.7-9.5%) vs placebo and Safety outcome judged by common adverse events essentially did not reveal significant differences between anti-PCSK9 antibodies and the placebo (or ezetimibe) except slightly increased rate of injection-site reactions (relative risk 1.48, 95% CI 1.5-2.09, P=0.02). The incidence of TEATs was 52.2% (95% CI 44.8-59.7%) at 12 weeks with PCSK9 antibodies vs 45.2% (95% CI 40.6-49.8%) with placebo. Serious TEATs occurred in 1.9%, leading to discontinuation of treatment with Evolocumab in 1.6% of patients at 12 weeks. Injection-site reactions were slightly more common in patients receiving anti-PCSK9 antibodies. The authors concluded that Evolocumab and Alirocumab were safe, well tolerated and showed no significant differences in rates of adverse events compared with placebo or ezetimibe controls.
Meta-analysis by Navarese et al
Navarese et al 43 evaluated 24 trials (eight, Phase 2; 16, Phase 3 trials) comprising 10,159 patients. Most trials were short (<6 months: 17 trials). Duration was 6-12 months in two trials, and over 1 year in five trials. Efficacy of PCSK9 antibodies was based on 1) correction of lipid profile, 2) clinical outcome in terms of mortality and 3) incidence of adverse events. The authors concluded that their meta-analysis provides preliminary data on long-term efficacy and clinical outcome. However, their findings need further confirmation with prospective CVOTs which are being pursued currently.
Meta-analysis of Lipinski et al
Lipinski et al 44 have meta-analyzed a total of 17 trials involving 13,083 patients (8, 250 given PCSK9 inhibitors, 846 given ezetimibe and 3,987 placebo). The authors concluded that PCSK9 inhibitors significantly improve lipid profile and reduce all-cause mortality but are associated with increased neurocognitive events. The authors suggested adjusting the dose of PCSK9 inhibitors to keep LDLc in the range of 50-70 mg/dL.
To summarize, PCSK9 inhibitors decreased LDLc effectively to an extent of ≥50% in all three meta-analyses. Navarese et al and Lipinski et al showed a significant reduction in all-cause mortality by PCSK9 inhibitors. There was a trend toward reduction in CV events. Zhang et al evaluated the safety outcome and the rates of adverse reactions. They found that PCSK9 inhibitors are safe and well tolerated. 
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PCSK9 inhibitors muscular pains were found more frequently. Adverse reactions secondary to achieving very low-density lipoprotein levels (<50 mg/dL) included neurocognitive effects such as memory impairment. There were no differences in adverse effects due to different doses/regimens of Evolocumab. Whether PCSK9 inhibitors leading to remarkable reduction in LDLc will translate into improved CV outcome remains to be confirmed by long-term CVOTs.
Cost-effectiveness of monoclonal antibodies (PCSK9 inhibitors)
The present cost of Alirocumab and Evolocumab is $14,600 and $14,100 per year in the USA. This is in contrast to the cost of high-intensity statin and ezetimibe therapy which is ~$1,000 per year. The incremental cost per clinical outcome achieved by PCSK9 inhibitors has been recently analyzed by the ICER which is a trusted nonprofit organization that evaluates the new innovative drugs regarding their benefits vs cost in modern health care system. The ICER used CVO Policy Model created by Harvard University in 1984. The incremental cost was also assessed and compared against total major adverse CV events averted (and money saved) and QALY gained. The important findings of the ICER draft report 45 on PCSK9 inhibitors are summarized as follows:
1. Use of PCSK9 inhibitors substantially reduces nonfatal myocardial infarction, nonfatal stroke and CV deaths over ≥5 years. 2. Number of patients need to be treated for 5 years to avoid one major fatal CV event appears to be in favor of PCSK9 inhibitors. 3. Draft ICER (2015) 45 value-based price benchmark for PCSK9 inhibitors works out to be $2,177 per year. Hence, the present cost of $14,600 or $14,100 should be reduced by 85%. As of today, PCSK9 inhibitors are not costeffective and will put extra burden on the government/ insurance corporate. 4. Using a "willingness to pay" threshold of $50,000 per QALY gained, PCSK9 inhibitors should cost $2,100 per year for FH patients. However, for secondary prevention, the cost could be $2,400-2,700 per year.
Amgen and Sanofi have not agreed with the ICER analysis and feel that the reviewers have not addressed the unmet clinical need of the patients and the draft report of ICER will only create a barrier to the patients who need PCSK9 inhibitors the most. However, high cost will remain a major block in the use of monoclonal antibodies in clinical practice.
Hence, there is an unmet need to discover cheaper analogs to inhibit PCSK9.
The cost of PCSK9 inhibitors in the UK is 4,000 sterling pounds ($5,700) for NHS patients. In Europe, the cost is €6,200-7,000.
indications of PCSK9 inhibitors PCSK9 inhibitors have been used in patients with FH, severe statin intolerance and non-FH.
Familial hypercholesterolemia
FH is one of the commonest inherited metabolic diseases associated with increased risk of atherosclerosis and early ASCVD. Due to lack of availability of laboratories conducting gene testing, only 10% of FH cases are diagnosed and treated at an early stage. 46 1. HoFH is due to either totally absent or grossly abnormal LDL(R) due to two identical mutations in genes. Fortunately, it is an extremely rare disease. Fasting LDLc is markedly elevated. HoFH presents clinically with marked tendinous xanthomas, premature ASCVD and premature death. Treatment with statins and PCSK9 inhibitors is costeffective in HoFH for primary and secondary prevention.
HeFH is due to single mutation of LDL(R) gene. LDL(R)
is defective but not absent. The prevalence of HeFH in Copenhagen general population has been recently estimated as one in 217. 47 This prevalence is based upon Dutch Lipid Clinic Network criteria and estimated LDLc level ≥4.4 mmol/L (165 mg/dL). HeFH is also complicated with early ASVD. The European Atherosclerosis Society Consensus Panel II advises intensive statin therapy when the individuals of HeFH attain the age of 8-12 years. 48 Addition of PCSK9 inhibitors is a viable option if the response of intensive statin therapy is inadequate 49 or when associated with ASCVD.
Statin intolerance
Patients with mild statin intolerance are often managed successfully with reduction of statin dose or change to rosuvastatin from atorvastatin or other brand of statin. However, in severe statin intolerance, this policy may not be successful. PCSK9 inhibitors may be an effective alternative in patients with severe ASCVD with statin intolerance.
Nonfamilial hypercholesterolemia
Non-FH associated with existing ASVD need intensive statin therapy with/without ezetimibe. However, substantial heterogeneity in response to statin therapy has been reported 
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Gupta in a meta-analysis of eight CV outcomes 8 and the JUPITER TRIAL. 50 RRR of CV events is proportional to the magnitude of LDLc reduction. In Ridker et al analysis, an RRR of 39% was observed for those with ≤50% LDLc reduction and a relative risk of breast cancer of 59% was observed with ≥59% LDLc reduction. Ridker et al 50 suggested that patients with inadequate LDLc reduction by statin therapy may benefit with an additional therapy, for example, ezetimibe or PCSK9 inhibitors. However, PCSK9 inhibitors are costly. Their use may be considered by lipid experts in patients with non-FH with severe existing ASCVD and CV risk ≥10%, depending upon the insurance coverage, national economy and policy of the country.
Number of prescriptions of PCSK9 inhibitors and their refusal by insurance
The exact number of prescriptions of PCSK9 inhibitors and refusal of payment by insurance companies is not known. According to newsletter from the "Frontiers of Health and Medicine" by ED Silverman (April 2016), there were 9,500 prescriptions of Evolocumab and 11,800 prescriptions for Alirocumab with the FDA-approved indications from August 2015 to February 2016 with a refusal rate of 75% by insurance companies.
In a recent study on eligibility for PCSK9 treatment in 734 hypercholesterolemic patients referred to a regional cholesterol center with LDLc ≥70 mg/dL despite maximally tolerated statin therapy, and based upon the FDAand insurance-approved eligibility criteria, Glueck et al 51 reported 50 patients approved by an insurance company for PCSK therapy. It is believed that insurance companies may be signing some agreement with pharmaceutical companies for value-based or performance-based sharing risks. Amgen has agreed some discount to the NHS (UK), but the exact discount is not disclosed. The NICE, a cost-effectiveness body in the UK, has found Evolocumab cost-effective from the NHS resources and has specified following LDLc levels for use of Evolocumab by the NHS (NICE Draft 2016). 
Financial implications
These have remained the hottest topic of debate during 2015-2016.
According to the prevalence rate of HeFH in the USA, total HeFH patients could be more than two million, and the cost of PCSK9 inhibitors for 5 years (or lifelong) would run in several billion dollars.
Kazi et al 53 used Cardiovascular Diseases Policy Model and included adults aged 35-94 years. The simulated model estimated a cost of $423,000 per QALY for PCSK9 inhibitors and a cost of $503,000 per QALY for PCSK9 inhibitors plus statin in patients of HeFH. The US health care cost will increase by $565 billion over 5 years.
The cost of treating a CV event like myocardial infarction includes direct cost of diagnosis and treatment in cardiac institutions and indirect cost of lost work productivity and unemployment, besides mental agony and death. The AHA estimated direct and indirect cost of medical care for ASCVD as $450 billion in 2010. 54 The cost is likely to increase during 2010-2030. Whether, and to what extent, PCSK9 inhibitors will facilitate a reduction in total cost of ASCVD remains to be seen in future. In the meantime, pricey PCKS9 inhibitors require careful patient selection.
Gandra et al 55 • Neurocognitive events include impaired memory, headache and confusion (1-4%). There is no increased incidence of stroke or intracranial hemorrhage.
• Hormonal insufficiency, especially of adrenal cortex, visceral adiposity and impaired glucose tolerance, has been suspected due to LDLc <25 mg/dL in some patients.
CV outcome trials
Reduction in LDLc is often regarded as a surrogate measure of clinical benefits. [1] [2] [3] [4] [5] LDLc reduction was the basis of the FDA approval of statins in 1987. IMPROVE-IT (statin with ezetimibe) study further strengthened this concept. 9 CTT meta-analysis of over 170,000 patients in 26 randomized trials 4 observed a 25% reduction in major vascular events for each 1 mmol/L (38.7 mg/dL) reduction in LDLc by statins. However, ILLUMINATE trial with Torcetrapib 56 and HPS-2 THRIVE trial 57 with Niacin which could lower LDLc were not associated with favorable clinical outcome. Hence, establishing evidence of improved clinical CV outcomes (CVOT) is the key to evaluate new class of medication .The ongoing prospective CVOTs include FOURIER evaluating Evolocumab in 27,500 patients, ODYSSEY OUTCOME evaluating Alirocumab in 18,000 patients and SPIRE-1 and SPIRE-2 evaluating Bococizumab in 17,000 patients ( Table 7) . The results of CVOT are expected in 2017-2018.
Conclusion
Monoclonal antibodies are potent inhibitors of PCSK9 and prevent destruction of LDL(R) with marked reduction of LDLc compared to statin and ezetimibe. A target LDLc of 40-60 mg/dL is possible with PCSK9 inhibitors. Health care benefits with monoclonal antibodies appear substantial in FH (more in HoFH than in HeFH patients). If the relationship between LDLc reduction and clinical benefits is proved in CVOT studies, one can expect 30-40% reduction in vascular events with PCSK9 inhibitors even in patients with non-FH with existing ASCVD and uncontrolled hypercholesterolemia in spite of maximally tolerated statin with or without ezetimibe.
PCSK9 inhibitors are indicated for treatment of FH, and it may be considered cost-effective in HoFH and also HeFH patients with severe existing ASCVD and severe statin intolerance. In non-FH with ASCVD and high CV risk ≥10%, their use will depend upon the economic and national policies of the country in view of their high cost. 
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